enrichment. Analysis of stream water data, supported by evidence from laboratory studies, indicates that 20 an effect of declining sulphur deposition on catchment soil chemistry is likely to be the primary mechanism, 21 but there are relatively few long term soil water chemistry records in the UK with which to investigate this, 22 and other, hypotheses directly. In this paper, we assess temporal relationships between soil solution 23 chemistry and parameters that have been argued to regulate DOC production and, using a unique set of co-24 located measurements of weather and bulk deposition and soil solution chemistry provided by the UK 25
Differences in behaviour between surface waters and some soil waters may therefore result from 82 differences in soil properties, in addition to land use type (e.g. Vanguelova concentration, a surrogate for sulphur deposition that has been closely linked with recent DOC trends, 96 declined mostly in the latter half of the 1990s, while chloride concentration (primarily a surrogate for sea 97 salt deposition) fell from particularly high levels in the late 1980s to early 1990s and was relatively stable in 98 later years. Since the degree of long-term change in DOC can be orders of magnitude smaller than spatial 99
for Standard Measurements at Terrestrial Sites (Sykes and Lane, 1996) . Soil types were developed from a 143 range of parent materials and include gleysols, histosols, podzols, cambisols and arenosols. Soil chemical 144 characteristics also varied widely (Table 2) : soil organic carbon (SOC) content ranged from 0.8 to 48.7 %; 145 C:N ratios from3 to 70 and soil acidity from pH 3.6 to 7.0. Base Saturation (BS) and Al saturation (Al sat.), 146
indicative of soil sensitivities to acid deposition, ranged from 1.1 to 100 % and <0.1 to 93.5 % respectively. 147
Acid deposition spanned a gradient of 121 to 406 meq m -2 yr -1 (2002-2006 means) . 148
149
While soil solution monitoring is conducted at all of the nine FLII sites and most of the 12 ECN 150 terrestrial sites, soils at the majority are too dry for collection of year round samples -a pre-requisite for 151 this analysis. Periods for which data were available differed between the two networks and, with respect to 152 the FLII sites, the period for which soil solution DOC data were available was shorter than that for other soil 153 solution solutes, and only corresponded with bulk deposition measurements during the period 2002 -2006 154 (see supplementary information, table S1). 155
Measurements and chemical analysis 156
Soil water samples were collected at FLII sites every two weeks using tension lysimeters (PRENART 157 SuperQuartz soil water samplers, Plenart Equipment Aps, Denmark) between 1996 and 2011. Twelve 158 lysimeters were installed at each site, six located at 10 cm soil depth and the other six at 50 cm soil depth 159 (Figure 2 ). Soil water samples were collected and measured according to Level II protocols described in 160 detail in the ICP forests manual (ICP, 2006) . Water samples were filtered through a 0.45 µm membrane 161 filter and analysed for pH; total aluminium (Al), calcium (Ca 2+ ), magnesium (Mg 2+ ), potassium (K + ), sodium 162 (Na + ) and iron (Fe) by ICP-OES (Spectro-flame, Spectro Ltd.); ammonium N (NH 4 -N) colorimetrically; DOC by 163 total carbon analyser (Shimadzu 5000, Osaka, Japan) using catalytic or persulphate oxidation; and sulphate 164 (SO 4 2-), nitrate (NO 3 -) and Cl -by Ion Chromatography (Dionex DX-500). Quality assurance and quality control 165 on dissolved ion concentrations in soil water are described by De Vries et al. (2001) and in the ICP manual 166 (2006) . Soil acidity indexes at all sites and depths are shown in Table 2 . 167 168 ECN soil waters were also sampled fortnightly by tension lysimetry using the same Prenart 169
SuperQuartz samplers between 1992 and 2010. In accordance with the Environmental Change Network 170 (ECN) protocols, six samplers were placed at the base of each A and B horizon, except for deep peats where 171 fixed depths of 10 and 50 cm depths were used (Figure 2 ). Soil water was analysed for pH, then filtered 172 (<0.45 µm) and analysed for DOC by combustion oxidation and IR (infra-red) gas detection; total metals ( (Monteith et al., 2007) . In all subsequent analyses acid anion and base cation concentrations were 208 expressed in µeq L -1 (Trudgill, 1995 For this purpose all Cl -in soil water was assumed to be from a marine source . 219
While it now appears likely that several sites would have been impacted by hydrochloric acid deposition in 220 the past, it is thought that levels of this pollutant (derived from coal-burning) are likely to have fallen to 221 very low levels in the last 20 years 
Trends analysis 232
In order to determine the significance of short-term changes, and determine the timing of key 233 shifts and flows in the data, non-linear smoothers were fitted to the soil water, deposition chemistry and 234 climate data adapting the Generalized Additive Mixed Models (GAMMs) method described in detail in 235 Monteith et al. (2014) and Curtis and Simpson (2014) . By fitting the following model to each series, the 236 method allowed separation of the seasonal signal and the longer-term trend into two independent, 237 additive components of the model (Figure 3) , and accounted for commonly occurring autocorrelation in 238 environmental time series (Chandler and Scott, 2011) . The fitted models took the following form: 239
where is observed data; 0 is the intercept or constant term; 1 and 2 are smooth functions of time in 243 days since the start of the series and the day of the year respectively; 1 ( ) represents the trend in the 244 response and describes how the level of the response varies through time; 2 ( ) represents 245 the seasonal, within year signal in the data); and are model residuals assumed to be zero mean, 246 normal random variables with variance 2 Λ, and Λ is a correlation matrix describing the dependence 247 structure in the residuals. 248
Models were fitted using GAMMs with a continuous-time AR(1) correlation via restricted maximum 250 likelihood estimation (REML) (Wood, 2004 , Wood, 2006 , Wood, 2011 using the 'mgcv' package (Wood, Throughout this section, references to specific solutes, including "DOC", imply solute concentrations unless 274 otherwise stated. Mean concentrations for these solutes for the records analysed are presented in Table 3 . 275
Trends in bulk deposition chemistry 276
The initial and mean concentrations respectively of nmSO 4 2-in bulk deposition were mostly much 277 higher in the throughfall collectors in the FLII forested sites than the ECN grassland bulk collectors (Figure  278 4, Soil water pH at the majority of sites increased over the full records at both depths at most sites, 375 but again changes were most pronounced in the earlier years of the time series. Despite common recovery 376 from acidification, the analysis also detected brief periods of significant reduction in soil water pH, most 377 markedly towards the end of the Llyn Brianne record -corresponding to a surge in nitrate concentration 378 (see Discussion). The strongly buffered Thetford arenosol (Table 2) has been demonstrated that dry deposition may still be significantly underestimated using this approach 492 (Rustad et al., 1994) . Since dry deposition at a national scale has decreased more than wet deposition 493 (Fowler et al., 2005) it is likely that trends in total anthropogenic deposition at forest sites were even more 494 marked than implied by the trends in bulk deposition concentrations reported here. Nevertheless, trends 495 in nmSO 4 2-, NO 3 -, NH 4 + , and divalent cations showed a distinctive spatially coherent temporal pattern at all 496 forest sites and, to a lesser extent, the grassland site Sourhope, with sharp declines in all species prior to 497 2000. Although rates of change in the concentration of individual ions often ceased to be significant after 498 2000, the combined effect of further gradual change appears to have been sufficient for precipitation pH to 499 continue to increase throughout much of the remaining records. The more continuously statistically 500 significant change in nmSO 4 2-in deposition identified for Moor House, Glensaugh and Sourhope, relative to 501 change at the forested sites might in part represent a statistical artefact resulting from the more extended 502 deposition records available for the grassland sites. 503 504 Temporal patterns in divalent base cations corresponded closely with those for acid anions at all 505 the forest sites indicating common dominant anthropogenic sources. In the case of the Zone 1 sites, this 506 was also true for Na + which is normally assumed to be entirely derived from sea salt. Sodium, however can 507 also originate from anthropogenic sources such as the manufacturing industry, iron production and 508 domestic and power station coal burning (Werner et al., 2011). As Na + was used to calculate marine 509 fractions of SO 4 2-and Cl -real concentrations and rates of change in nmSO 4 2-and nmCl -at the Zone 1 sites 510 may have been significantly underestimated at these sites. 511 512
Soil water responses to trends in deposition 513
The smoothed plots presented in Figure 4 demonstrate that recent changes in the chemistry of 514 atmospheric deposition have had a marked influence on solute concentrations and acidity of soil water 515 across a wide range of grassland and forest sites. Effects were particularly pronounced at forest sites, 516
where reductions in deposition were largest, and at those sites with the most acidic soils. Changes in 517 surficial concentrations of SO 4 2-, the dominant acid anion at most sites, mimicked deposition trends in 518 most cases. Soil water concentrations of SO 4 2-in podzol B horizons appeared to be in long-term (decadal-519 scale) equilibrium with those in the upper soil, with gradual desorption from mineral horizons likely to 520 account for an apparent lagged response over the period of the sharpest reductions in nmSO 4 2-deposition. 521
Sulphate adsorption/desorption characteristics of soils are known to be strongly pH dependent. Specific 522 adsorption of SO 4 2-by soils tends to be favoured by high levels of free iron and aluminium oxides and 523 hydroxides (Fuller et al., 1986) , and laboratory and field studies show that increasing soil pH often tends to 524 increase desorption of SO 4 2- (Singh, 1984 , Nodvin et al., 1986 . The absence of significant reductions in 525 SO 4 2-in the Moor House peats, despite large reductions in deposition, reflects the role of redox processes 526 in these soils -reduction to sulphide during long periods of anaerobic conditions punctuated by occasional 527 re-oxidation and release of sulphate following re-wetting after drought (Clark et al., 2005) . 528 rich ecosystems, while carbon-poor ecosystems exposed to elevated N deposition leach most NO 3 -. In our 537 study the highest NO 3 -concentrations indeed occurred at the forest sites with very low soil organic carboncontent, i.e. Lady Bower and Thetford, although these were also the sites that experienced the highest 539 concentrations of N species in bulk deposition. At Thetford, NO 3 -was by far the most concentrated acid 540 anion throughout the monitoring period, and its large significant reduction detected in shallow samplers 541 will have dominated changes in surface soil acidity at this site. Changes in NO 3 -in the Lady Bower soils, 542
while not as great in magnitude as SO 4 2-, will also have made a significant contribution to reductions in total 543 acidity. Similarly the sharp post-2007 increase in NO 3 -in the surface soils at Llyn Brianne, possibly linked to 544 a major aphid infestation of the canopy (Pitman et al., 2010) also seems to account for a significant 545 reduction in soil pH over the same period. 546 547 Sizeable reductions in Cl -in the soil water of grassland sites were too large to be explained by at 548 most slight and non-significant reductions in Na + deposition, thus ruling out any dynamic response to a 549 change in sea salt deposition. Chloride is generally considered to undergo less adsorption, biological 550 retention and biogeochemical cycling than SO 4 2-or NO 3 -, and is hence more mobile in soils (Schlesinger, 551 1997) . It has been proposed that long term declines in Cl -in shallow and deep soils at these sites represent 552 responses to declining deposition of hydrochloric acid derived from industrial sources . 553
However, Na:Cl ratios in deposition at these sites were generally difficult to distinguish from those 554 expected in sea salt, thus providing little evidence for short-term effects of reductions in HCl deposition. 555 Temporal links between trends in DOC and potential drivers 595
Our analysis demonstrates that soil water DOC concentrations increased significantly over 596 extended periods at most of our study sites, particularly in organic surficial horizons. As the sites are 597 distributed across much of Great Britain, the observation is consistent with the widely accepted 598 assumption that regional scale increases in DOC seen in surface waters (e.g. Monteith et al., 2007) have 599 been driven by changing processes within catchment soils. Differences in the periods over which 600 monitoring data were available, both between ECN and FLII sites and between measurement types, 601 restricted the extent to which the precise timing of DOC changes could be compared across all sites or 602 linked with the timing of changes in potential drivers. However, where records overlapped sufficiently, 603 comparisons with trends in other solutes, bulk deposition and climate variables, provided a number of 604 clues regarding likely dominant drivers and mechanisms behind the DOC trends. 605
606
We found relatively little evidence for an association between both long term variation and periods 607 of significant change in soil water DOC and periods of significant change in either temperature or 608 precipitation (with the exception of Snowdon -see below). Our results show that the major changes in SO 4 2-in deposition were almost synchronous with those 631 in shallow samplers, but statistically significant reductions in the latter continued for 1-3 years after trends 632 in deposition appeared to terminate. The late commencement of monitoring of DOC at FLII sites appears to 633 have caught only the tail end of the deposition-induced, but lagged, changes in soil chemistry at Lady 634 Bower, Llyn Brianne and Grizedale. Indeed, rates of decline in SO 4 2-concentrations at these sites were 635 already levelling off, and most had ceased to be statistically significant, over the relatively short period 636 significant increases in DOC were detected. By contrast, significant increases in DOC in organic horizons 637 were sustained at two of the three Zone 1 deposition sites throughout the monitoring period. This 638 conforms with the hypothesis of "de-coupling" at heavily impacted forest sites, but while there was an 639 overall long-term reduction in in SO 4 2-in the organic horizon of Alice Holt, there was no comparable change 640 in this acid anion at Thetford. Here, the primary change in soil chemistry was a large and continuously 641 significant reduction in NO 3 -, thus supporting the hypothesis that changes in either soil acidity or ionic 642 strength are the key driver of change in DOC, rather than changes in SO 4 2-specifically. 643
644
The relative importance of soil acidity and ionic strength in influencing organic matter solubility has 645 been widely debated and is yet to be fully resolved (e.g. Evans et al., 2012; Hruska, 2009 ). While the ionic 646 strength of soil solution will have declined substantially at all sites, and particularly at the forest sites, 647 changes in soil solution pH of organic horizons are often not clear and it is therefore difficult to associate 648
2015) and spatial variation in DOC in soils (Sawicka, 2015) are linked to interactive effects of SO 4 2-and base 651 cation levels, suggesting that DOC in acid-sensitive soils is most responsive to reductions in acid anion 652 inputs. Such relationships are consistent, therefore, with the humic substance partitioning model of Tipping 653 and Woof (1991), where increased negative charge on humic surfaces associated with increased pH 654 promoted increased movement of organic matter from solid to dissolved phases. 655
656
We found relatively little agreement in DOC trends, either with respect to direction or persistence, 657 between shallow and deep horizons, and at nearly all sites DOC concentrations in the former were 658 substantially higher than in the latter. Assuming DOC is produced predominantly at the soil surface from 659 litter or humus (Kalbitz et al., 2000) , the apparent loss of DOC from percolating soil water at depth and 660 differences in temporal behaviour is likely to reflect effects of both mineralisation and sorption desorption 661 processes. DOC concentrations in B horizons at two of our highly acidic coniferous forest sites increased 662 significantly over extended periods but at slower rates relative to briefer changes in organic horizons, 663 indicating a lagged response at depth to increased DOC production at the surface. Forest soils, and 664 coniferous soils particularly, tend to be more acidic (Harriman and locations. It has been argued that in some boreal environments, much of the hydraulic catchment is largely 715 irrelevant with respect to DOC supply to streams, and that most DOC is provided from a relatively narrow 716 riparian zone (Lofgren et al., 2010 , Ledesma et al., 2015 . However, Hruška et al. (2014) , in their detailed 717 modelling study of the upland Lysina catchment in the Czech republic noted that it was unfeasible for 718 stream water DOC concentrations to be sustained from DOC production from the riparian zone alone. The 719 apparent high predictive ability of various spatial DOC models (e.g. Monteith et al., 2015) that tend not to 720 factor in riparian extent would also suggest that soils from across catchments, rather than just stream 721 margins, are likely to have a significant influence on fluvial export of DOC in various upland environments. 722
The increase in DOC concentrations seen in stream waters often appear most marked for seasonal peak 723 concentrations. In the UK, these tend to occur during wet weather in the early autumn when wetted soils 724 facilitate lateral flow paths. In these circumstances it would seem intuitive that potential adsorption of DOC 725 by B horizons of organo-mineral soils is likely to exert little influence relative to enhanced production in the 726 organic layer. 727 These findings suggest that the DOC trends observations from surface waters correspond strongly 757 to changes in topsoil DOC. Different responses were observed in mineral horizons, but this clearly does not 758 negate declining acid deposition as a viable mechanism explaining increased DOC in surface soils and 759 stream waters. This in turn implies that if the acid deposition continues declining to even lower levels, 760 further increases of DOC concentrations in surface horizons and adjacent surface waters may be observed. 761
Although it is difficult to draw general conclusions for the surface waters from a study based on soil 762 solution chemistry only, because of the complexity of the hydraulic flowpaths, these conclusions do 763 provide a strong base for further research into the direct links between terrestrial and stream water DOC. annual daily temperature (MAT), precipitation (MAP) and acid deposition load (max 1993 -2011 
